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Mechanical resonators represent one of the most promising candidates to mediate the interaction between
different quantum technologies, bridging the gap between efficient quantum computation and long-distance
quantum communication. In this letter, we introduce a novel interferometric scheme where the interaction of
a mechanical resonator with input/output quantum pulses is controlled by an independent classical drive. We
design protocols for state teleportation and direct quantum state transfer, between distant mechanical resonators.
The proposed device, feasible with state-of-the-art technology, can serve as building block for the implementa-
tion of long-distance quantum networks of mechanical resonators.
During the spectacular development of quantum technolo-
gies observed in the last decades, it has become clear that no
single platform will emerge as the best candidate to perform
the totality of all quantum information tasks [1]. For exam-
ple, superconducting circuits [2] and atomic systems [3, 4]
excel in quantum computation and quantum simulation. Pho-
tonic systems [5], among many other achievements, have
proven able to implement quantum communication over un-
challenged distances. The feasibility of building quantum sys-
tems of increasing size and complexity will strongly depend
on our ability to develop a hybrid approach [6], exploiting
different quantum technologies in large-scale quantum net-
works [7]. In this framework, micro- and nano-mechanical de-
vices come through as potential links between different plat-
forms, as they can be coupled to a plethora of different quan-
tum systems [8–10]. So far, it has been experimentally ex-
plored the interaction of mechanical oscillators with ensem-
bles of cold atoms [11], microwave and optical cavities [13–
20], superconducting qubits [12], and single spins [21]. Using
optomechanical devices, coherent conversion of microwave to
optical photons [22, 23], and viceversa [24], has already been
demonstrated.
The interest in using mechanical resonators in quantum
communication protocols has been steadily growing. Most
recently, the interaction of mechanical resonators with trav-
elling optical signals has been studied for the purpose of
light-to-mechanical teleportation [28], qubit-to-light trans-
duction [29], non-Gaussian state swapping [25], and entan-
glement generation [26, 27]. Different schemes have been
proposed to distribute entanglement among remote mechan-
ical resonators [30, 31]. However, a complete protocol for
transferring arbitrary quantum states between distant mechan-
ical resonators is still missing. In general, interconnecting
remote quantum systems through propagating quantum sig-
nals is a highly challenging task. Quantum state transfer and
teleportation have been realized for distant single atoms in a
probabilistic way [32, 33]. Quantum state teleportation has
been implemented in a probabilistic fashion between distant
trapped ions [34], as well as in a deterministic way between
spatially separated atomic clouds [35].
In this letter, we propose a novel interferometric scheme,
where a classical pump amplifies and controls the interaction
between a mechanical resonator and propagating quantum op-
tical signals. By tuning in real-time the pump frequency and
intensity, it is possible to change the nature of the optome-
chanical interaction, and to control the temporal shape of in-
put/output optical pulses. This feature enables us to overcome
the issue of temporal-envelope mismatch in the absorption
and emission processes. We design protocols to implement
mechanical-to-mechanical continuous-variable teleportation,
or to directly transmit arbitrary states between two remote
mechanical resonators over a quantum optical channel. The
proposed scheme is implementable with state-of-the-art tech-
nology and it works at telecommunication wavelengths.
We consider a system composed of two resonant single-
mode optical cavities, which share a mirror made of a non-
transmissive vibrating membrane. We assume that the mem-
brane effectively supports a single phononic mode, since inter-
mode couplings are typically negligible. The cavity is embed-
ded in a symmetric Sagnac interferometer, as shown in Fig. 1.
The radiation pressure induces an optomechanical coupling
between the optical modes cˆ, dˆ and the vibrational mode mˆ,
such that the system Hamiltonian can be written as
Hˆ = Hˆ0 − g0
(
dˆ†dˆ− cˆ†cˆ
) (
mˆ† + mˆ
)
, (1)
where Hˆ0 = ωc
(
dˆ†dˆ+ cˆ†cˆ
)
+ ωmmˆ
†mˆ. We denote with
ωc and ωm the frequencies of the optical cavities and me-
chanical modes, respectively, and with g0 the optomechani-
cal coupling strength, assumed to be equal for the two modes.
To derive input/output relations for our system, we consider a
standard Markovian coupling of the intra-cavity fields cˆ and dˆ
with the modes describing the electromagnetic environment,
γˆB(ω) and δˆB(ω), respectively. It is straightforward to see
that the input modes of the 50/50 beam splitter, αˆB(ω) and
βˆB(ω) in Fig.1, interact selectively with the bosonic modes
aˆ and bˆ, defined by the relations aˆ =
(
cˆ− dˆ
)
/
√
2 and
b =
(
cˆ+ dˆ
)
/
√
2. These modes correspond to collective ex-
citations of the two optical intra-cavity modes. The system
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FIG. 1: Sketch of the proposed interferometric scheme. An optome-
chanical device, composed of two identical optical cavities sharing a
vibrating mirror, is embedded in a common-path Sagnac interferom-
eter. In our protocol, a classical drive sent through the control port
βˆB(ω) modulates the optomechanical interactions with input/output
quantum signals αˆB(ω).
Hamiltonian can thus be rewritten as
Hˆ = Hˆ0 + g0
(
aˆ†bˆ+ aˆbˆ†
) (
mˆ† + mˆ
)
, (2)
where Hˆ0 = ωc
(
aˆ†aˆ+ bˆ†bˆ
)
+ ωmmˆ
†mˆ. Let us now as-
sume that an undepleted coherent state at frequency ωb is
sent through the port βˆB(ω). The spatial mode βˆB(ω) can
be decomposed in two modes propagating in opposite direc-
tions, proportional to the Fourier transforms of the bˆ mode’s
input and output respectively [37–39]. We can describe the
driven mode b as a classical field, and replace bˆ→ β e−iωbt in
Eq. (2). In a frame where a is rotating at the drive frequency,
the Hamiltonian becomes (see Supplemental Material)
Hˆeff = Hˆ
′
0 + g0β
(
aˆ† + aˆ
) (
mˆ† + mˆ
)
, (3)
where Hˆ ′0 = (ωc − ωb) aˆ†aˆ + ωmmˆ†mˆ, where we assumed
β real. Notice that this derivation leads to a linear optome-
chanical interaction of tunable strength g0β. In the context of
linearized optomechanics [10], such coupling is usually ob-
tained considering small quantum fluctuations on top of a clas-
sical signal, which enhances the otherwise negligible interac-
tion [40]. In our scheme, the quantum input and the classical
pump are given by independent modes, a fundamental differ-
ence that presents various advantages. 1) The Hamiltonian
in Eq. (3) is valid for large quantum fluctuations of the intra-
cavity field, where the standard linear approximation of op-
tomechanics breaks down. 2) The proposed optomechanical
device is able to interact with arbitrary quantum inputs, with-
out requiring displacing operations beforehand or additional
non-linear elements. 3) The effective coupling strength g0β
and the coupling frequency ωb depend on a classical drive,
which is independent on the state and frequency of the quan-
tum input. 4) The quantum and the classical output exit the
device via independent optical paths.
The proposed scheme can be used as a black-box with an
internal quantum variable (the mechanical resonator), a quan-
tum input/output port αB and a classical control port βB
that modulates the interaction between them. We consider
the resolved-sideband regime κ  ωm, where κ is the cav-
ity dissipation rate. Under the requirement that the effec-
tive coupling strength is smaller than the mode frequencies
g0β  ωm, ωc, tuning ωb enables the selective activation of
the red or the blue sideband of the optomechanical interac-
tion. We consider a long-pulsed regime [28], such that the
total interaction time τ is short compared with the timescale γ
of mechanical dissipative processes, but long enough to adia-
batically eliminate the cavity mode κ−1  τ  γ−1.
Let us consider first the case in which the red sideband is
selected in Eq. (3), i.e., the interaction terms aˆ†mˆ+aˆ mˆ†. The
classical drive is a coherent pulse of frequency ωb = ωa −
ωm, of duration τ . In the interaction picture, the Langevin
equations are given by [37–39],
˙ˆa(t) = −κaˆ(t)− igmˆ(t)−
√
2κ aˆin(t), (4)
˙ˆm(t) = −γmˆ(t)− igaˆ(t)−
√
2γ mˆin(t).
Performing an adiabatic elimination of the cavity mode (see
Supplemental Material), we are able to find analytically the
input/output relations after a fixed interaction time τ ,
Aˆrout = −e−Gτ Aˆrin − i
√
1− e−2Gτ Mˆin, (5)
Mˆout = e
−GτMˆin + i
√
1− e−2Gτ Aˆrin − CrMˆrB ,
where G = (g0β)
2
κ . We defined the mechanical state before
Mˆin = m(0) and after Mˆout = mˆ(τ) the interaction. The
relations of Eq. (5) then describe a state-swap process between
the mechanical resonator and the normalized temporal modes
Aˆrin = Q(τ, aˆin) and Aˆ
r
out = P(τ, aˆout), which are defined
by the functions,
P(τ, Oˆ) =
√
2G
1− e−2Gτ
∫ τ
0
dte−GtOˆ(t), (6)
Q(τ, Oˆ) =
√
2G
e2Gτ − 1
∫ τ
0
dteGtOˆ(t).
For the state-swap interaction to take place, the input/output
pulses must be modulated by a specific exponential envelope
given by Eq. (6). The interaction of the mechanical resonator
with the thermal environment is included in the model via
the term CrMˆrB , and it will set the upper bound to the op-
timal interaction time for the state-swap process. We defined
Cr =
√
γ
G (1− e−2Gτ ), and MˆrB = Q(τ, mˆin), being mˆin
the standard input operator for bosonic bath modes. The im-
pact of the mechanical bath on the optical output is a second-
order effect in γ/G, and it is negligible for the interaction
times τ here considered.
On the other hand, when we set ωb = ωa + ωm, the blue
sideband in Eq. (3) is selected, i.e., the interaction terms
aˆ†mˆ†+aˆ mˆ. The corresponding Langevin equations are given
by
˙ˆa(t) = −κaˆ(t)− igmˆ(t)† −
√
2κ aˆin(t), (7)
˙ˆm(t) = −γmˆ(t)− igaˆ(t)† −
√
2γ mˆin(t).
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FIG. 2: Teleportation protocol. (a) EPR variance as a function of the
squeezing parameter without (black full line) and with (green dashed
line) mechanical dissipation, as functions of the squeezing parame-
ter r = Gτ . The state is entangled if ∆EPR < 2. Here Tm = 2 K,
g = 0.05 kc, kc = 0.1ωm, ωm/km = 107, ωc/kc = 107, while
ωm/2pi ∼ 109 Hz and ωc/2pi ∼ 1015 Hz. The optimal squeezing
parameter is given by ropt ≈ 2.37. (b) EPR variance as a function
of the mechanical bath temperature. (c) Teleportation fidelity of a
coherent state, as a function of its size Xin (here Pin = 0) for a dis-
placement efficiency η = 0.99, with same parameters as in (a). The
vertical gray line shows the value of Xin used in (d). (d) Telepor-
tation fidelity of a coherent state of size Xin =
√
50 (Pin = 0), as
a function of the mechanical bath temperature, for a displacement
efficiency η = 0.99, with same parameters as in (a). (b)-(d) Color
code: from darker to lighter shades of blue, km (ropt) is increased
(decreased) as follows: km = ωm/107 ; ωm/106 ; ωm2.5/106 ;
ωm5/10
6 ; ωm/105, and ropt ≈ 2.37 ; 1.80 ; 1.57 ; 1.40 ; 1.24.
Under the same assumptions, analytical solutions for the in-
put/output relations can be found
Aˆbout = −eGτ Aˆbin − i
√
e2Gτ − 1
(
Mˆin
)†
, (8)
Mˆout = e
GτMˆin + i
√
e2Gτ − 1
(
Aˆbin
)†
− CbMˆ bB .
This relation corresponds to an EPR state generation be-
tween the mechanical resonator and a travelling light mode
defined by an exponentially shaped envelope, with central fre-
quency ωc. In this case, the solutions are found in terms
of the normalized temporal modes Abin = P(τ, aˆin) and
About = Q(τ, aˆout), defined in Eq. (6). Notice that the time-
envelope of the input/output pulses of the blue sideband pro-
cess (entanglement generation) are the opposite ones with re-
spect to the red sideband (state-swap). Here, the effect of
the thermal environment is given by the term CbMˆ bB , where
Cb =
√
γ
G (e
2Gτ − 1), and Mˆ bB = P(τ, mˆin). To assess
the degree of entanglement of the generated state we use the
EPR variance [41], a figure of merit that can be smaller than
2 only for entangled states. The EPR variance is shown in
Fig. 2(a) as a function of the squeezing parameter r = Gτ ,
and in Fig. 2(b) as a function of temperature, for different me-
chanical dissipation rates. The optimal pulse duration is given
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FIG. 3: Schemes of the teleportation and state transfer protocols.
Circled numbers represent different temporal steps. (Top panel) Tele-
portation protocol. (1) Bob generates an optomechanical EPR state.
(2) Alice implements a Beam-Splitter interaction and the required
measurements. (3) The results of the measurements is sent over a
classical communication channel to Bob. (Bottom panel) State trans-
fer process between remote mechanical oscillators. The classical
drive must be time-modulated in order to optimize the time-envelope
of the quantum signal.
by a trade-off between entanglement generation and mechan-
ical dissipation rate.
The red- and blue-sideband interactions are the fundamen-
tal operations we need in order to implement a mechanical-to-
mechanical continuous-variable teleportation protocol [42].
In the case in which the state to be teleported is encoded in Al-
ice’s device, the protocol is composed of the following steps,
sketched in Fig 3. 1) Through the blue sideband process, Bob
generates an EPR state between its mechanical device and a
light pulse, which is sent to Alice. 2) Alice implements a
beam-splitter (BS) interaction between the received pulse and
her mechanical oscillator. Such a BS interaction can be ob-
tained with the red sideband process of Eq. (5), setting the
effective coupling parameter G so that e−Gτ = 1/
√
2. Notice
that the time envelope of the EPR pulse generated in step 1
matches the optimal shape given by the input/output relations
of Eq. (5). Then, the output optical pulse is measured via
homodyne detection, while the mechanical resonator is mea-
sured through red-sideband interaction with a probe field. 3)
The results of the two measurements are sent through a clas-
sical channel to Bob, who uses this information to choose the
phase of a displacement operation to be applied to his mechan-
ical resonator. At the end of the protocol, the state is destroyed
in Alice’s device and deterministically teleported onto Bob’s.
Let us denote the quadratures of Bob’s mechanical res-
onator with Xˆ2(t) =
[
mˆ2(t)
† + mˆ2(t)
]
/
√
2 and Pˆ2(t) =
i
[
mˆ2(t)
† − mˆ2(t)
]
/
√
2 , and Alice’s ones with Xˆ1(t) and
Pˆ1(t). At the end of the teleportation protocol, the state of
Bob’s mechanical resonator is given by (see Supplemental
Material)
Xˆtel2 = ηXˆ1(0) +RXˆ2(0) +R
′Pˆin, (9)
Pˆ tel2 = ηPˆ1(0)−RXˆ2(0)−R′Xˆin,
4W
2 i
S
(t
),
R
(t
)
t/⌧max
W
2 i
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FIG. 4: State transfer protocol. Squared weights of the initial state
mˆ(0) in several states of the protocol, as functions of the pulses du-
ration τ (a), and of the mechanical dissipation rate km (b). The
parameters are τmax = 4 × 103/kc, g = 0.05 kc, kc = 0.1ωm,
ωc/kc = 10
7, while ωm/2pi ∼ 109 Hz and ωc/2pi ∼ 1015 Hz. (a)
km = ωm/10
7. (b) τ = τmax. INSET : optimal temporal shape of
the control pulses for the sender (full curve) and the receiver (dotted
curve).
where Xˆin =
[
(Aˆbin)
† + Aˆbin
]
/
√
2 and Pˆin =
i
[
(Aˆbin)
† − Aˆbin
]
/
√
2 are the quadratures of the optical
input of Bob’s device, as defined in Eq. (8). Here η is the
efficiency of the coherent displacement applied by Bob
at the end of the protocol, and we defined the parameters
R = er − η√e2r − 1 and R′ = √e2r − 1 − ηer. This
teleportation protocol is deterministic, the teleportation
fidelity tends to 1 for very large squeezing r  1 and η = 1.
In Fig. 2(c) and (d), we show the fidelity of the final state
for different sets of state-of-the-art parameters [19, 43], in the
special case in which a coherent state is teleported. Notice that
in Eq. (9) we neglected for the sake of simplicity the mechan-
ical decoherence, yet a full treatment was used in Fig. 2 and
can be found in the Supplemental Material. For uniformly dis-
tributed coherent states, it can be shown [44] that the optimal
classical strategy gives an average fidelity F = 1/2, provid-
ing a lower bound for the validation of the implementation
of quantum teleportation. Another interesting bound is given
by the no-cloning limit [45, 46] F > 2/3, which certifies
that Bob has the best existing copy of the original state. Our
analysis shows that these limits can be achieved with physical
parameters available in state of the art experiments.
Let us now consider the case in which a quantum state is di-
rectly exchanged between two remote mechanical resonators,
as in Fig 3. With respect to quantum teleportation, quan-
tum state transfer does not require entanglement sharing be-
forehand, nor feed-forward operations, at the cost of using a
quantum communication channel and driving pulses of spe-
cific temporal shapes. The protocol is organised as follows:
a red detuned driving pulse βS(t) = βS(t) of duration τ is
sent through Alice’s control port, mapping the state of her
mechanical resonator onto a propagating light pulse aˆout(t).
The quantum signal is sent to Bob, who modulates the op-
tomechanical interaction in his device via a red-detuned con-
trol pulse βR(t) = βR(t). The interaction within Bob’s tool-
box completes the transfer between Alice’s mˆ1(0) and Bob’s
mˆ2(τ) mechanical resonators. Time-modulated classical driv-
ings are needed to overcome a fundamental issue, absent in the
teleportation protocol presented above. The photon emission
and absorption processes are the time-reversal of each other,
when flat drivings are considered. Hence, the emitted pulse
sent by Alice would not have the right time-envelope to be ef-
ficiently absorbed by Bob. We have optimized, for arbitrary
states, the temporal shapes for the pumps used by the sender
S(t) and by the receiver R(t), in order to maximize the trans-
fer efficiency. The inset in Fig. 4(a) shows the optimal func-
tions S(t) and R(t) for the state-of-the-art parameters consid-
ered in our work (see Supplemental Material).
At the end of the protocol, the states of Alice’s mechanical
resonator and Bob’s mechanical resonator are
mˆ1(τ) =
√
1−W 2D mˆ1(0) +N1
(
aˆin, mˆin, τ
)
, (10)
mˆ2(τ) = WTM mˆ1(0) +N2
(
aˆin, mˆ
′
in, mˆin, τ
)
,
where for the sake of clarity we gathered all the contributions
due to the optical and thermal environment in N1 and N2.
The parameter WTM establishes how significant is the trans-
fer of mˆ1(0) to mˆ2(τ), optimal state transfer corresponds to
WTM = 1. The parameter WD shows how the state mˆ1(τ)
of the sender (Alice) is destroyed throughout the protocol. In
Fig. 4, we show the square of these quantities since it estab-
lishes the efficiency of the transfer for the second order mo-
ments. For state-of-the-art experimental parameters we ap-
proach the limit mˆ2(τ) ≈ mˆ1(0), which shows that the pulse
sequence is optimal, i.e., there are no losses of information
due to the time-envelope mismatch between the emission and
absorption processes. Notice that, depending on the duration
of the pump pulses, the state mˆ1(0) can be transferred par-
tially to Bob, and only partially destroyed in Alice’s device.
The proposed protocol allows to transfer an arbitrary quantum
state in a tunable and non-destructive way.
In conclusion, we have introduced a novel interferomet-
ric scheme where the optomechanical coupling can be mod-
ulated in real time. This scheme enables us to design pro-
tocols to transfer arbitrary quantum states between remote
mechanical resonators. The proposed design can be imple-
mented with present technology, using optomechanical crys-
tals or whispering-gallery-mode resonators [49]. We consid-
ered state-of-the-art parameters of optomechanical systems
working at telecom wavelength, but the proposed system
could be straightforwardly adapted to superconducting mi-
crowave resonators [50]. Our work paves the way to the use
of mechanical resonators as active nodes of quantum networks
for continuous variable quantum information.
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6SUPPLEMENTAL MATERIAL
DERIVATION OF THE SYSTEM HAMILTONIAN AND COUPLING TO THE BATHS
This section details the steps to go from the standard form of the system Hamiltonian (Eq. (1) in the main text), to the form
used throughout the paper (Eq. (3) in the main text), by showing how the intracavity modes are coupled to the environment
modes.
We start from the system Hamiltonian (Eq. (1) in the main text),
Hˆ = ωc
(
dˆ†dˆ+ cˆ†cˆ
)
+ ωmmˆ
†mˆ− g0
(
dˆ†dˆ− cˆ†cˆ
) (
mˆ† + mˆ
)
, (11)
where we denote with ωc and ωm the frequencies of the optical cavities and mechanical modes, respectively, and with g0 the
optomechanical coupling strength. To this Hamiltonian one has to add the coupling between the system and the environment,
HˆSE = i
∫ ∞
−∞
dω κc(ω)
(
γˆ†B(ω)cˆ(t)− γˆB(ω)cˆ†(t)
)
+ i
∫ ∞
−∞
dω κc(ω)
(
δˆ†B(ω)dˆ(t)− δˆB(ω)dˆ†(t)
)
+
+ i
∫ ∞
−∞
dω κm(ω)
(
µˆ†B(ω)mˆ(t)− µˆB(ω)mˆ†(t)
)
, (12)
and the free Hamiltonian of the baths
HˆE =
∫ ∞
−∞
dω ω
(
γˆ†B(ω)γˆB(ω) + δˆ
†
B(ω)δˆB(ω) + µˆ
†
B(ω)µˆB(ω)
)
. (13)
The full Hamiltonian of the system and the baths considered together is thus HˆTOT = Hˆ + HˆSE + HˆE . Note that due to the
Markov approximation, we neglect the frequency dependence of the system-baths coupling and use the notations κc(ω) =
√
κ/pi
and κm(ω) =
√
γ/pi.
The system we study is an interferometer, whose physical inputs, such as laser pulses or beams, correspond to the modes
αˆB(ω) and βˆB(ω). They can be related to the modes inside the interferometer γˆB(ω) and δˆB(ω) through the relations αˆB(ω) =(
γˆB(ω)− δˆB(ω)
)
/
√
2 and βˆB(ω) =
(
γˆB(ω) + δˆB(ω)
)
/
√
2. It is then meaningful to rewrite Eq. (12) in terms of the operators
αˆB(ω) and βˆB(ω), and we obtain
HˆSE = i
∫ ∞
−∞
dω κc(ω)
(
αˆ†B(ω)
(
cˆ(t)− dˆ(t)
)
√
2
− αˆB(ω)
(
cˆ†(t)− dˆ†(t)
)
√
2
)
+
+ i
∫ ∞
−∞
dω κc(ω)
(
βˆ†B(ω)
(
cˆ(t) + dˆ(t)
)
√
2
− βˆB(ω)
(
cˆ†(t) + dˆ†(t)
)
√
2
)
+
+ i
∫ ∞
−∞
dω κm(ω)
(
µˆ†B(ω)mˆ(t)− µˆB(ω)mˆ†(t)
)
, (14)
where we can naturally define two collective intracavity modes aˆ =
(
cˆ− dˆ
)
/
√
2 and b =
(
cˆ+ dˆ
)
/
√
2, coupled to αˆB(ω) and
βˆB(ω) respectively. By rewriting Eq. (11) in terms of the new defined collective optical modes, we obtain
Hˆ = ωc
(
aˆ†aˆ+ bˆ†bˆ
)
+ ωmmˆ
†mˆ+ g0
(
aˆ†bˆ+ aˆ bˆ†
) (
mˆ† + mˆ
)
. (15)
We now consider that an undepleted coherent state at frequency ωb is sent through the port βˆB(ω), which is essentially the
input of the intracavity mode bˆ, such that this driven mode bˆ is fairly approximated by a coherent state. We can then make the
following replacement bˆ→ β e−iωbt, where β is the size of the coherent state inside the cavity. The Hamiltonian becomes
Hˆ ≈ ωcaˆ†aˆ+ ωmmˆ†mˆ+ g0
(
aˆ†βe−iωbt + aˆ β∗eiωbt
) (
mˆ† + mˆ
)
. (16)
To remove the time dependence from the Eq. (16) we use the unitary transformation Uˆ(t) = eiωbaˆ
†aˆt to move in a picture where
the Hamiltonian is Hˆeff = UˆHˆUˆ† + id Uˆdt Uˆ
†, which gives us the final expression of the effective Hamiltonian we use further on
Hˆeff = (ωc − ωb) aˆ†aˆ+ ωmmˆ†mˆ+ g0β
(
aˆ† + aˆ
) (
mˆ† + mˆ
)
, (17)
where we considered β being real.
7TELEPORTATION BETWEEN TWO DISTANT MECHANICAL RESONATORS
The teleportation protocol described here consists of three steps. First, an optomechanical entangled state is generated by
Bob, who keeps one partie of the state (a mechanical resonator), and sends the other partie (an optical pulse) to Alice. The
generation of this entangled EPR state is detailed in section . Subsequently, Alice implements a state-swap process, i.e., a beam
splitter-type interaction between the light pulse coming from Bob and her own mechanical resonator, which is initially in the
state to teleport. This part of the protocol is detailed in section . Finally, Alice performs a Bell measurement of an optical
quadrature and a mechanical quadrature, sends the outcomes through a classical channel to Bob, who implements a phase-space
rotation and a phase-space displacement on the state of his mechanical resonator, which concludes the teleportation protocol.
This last step is described in section .
EPR state generation
The first step of the teleportation protocol is the generation of an EPR state by Bob, between his own mechanical resonator,
a double sided moving mirror, and a light pulse, which is sent to Alice after the entangling interaction. By working in a regime
where the effective optomechanical coupling is much smaller than the cavity dissipation rate, the latter being itself much smaller
than the mechanical frequency, namely g0β  κ  ωm, it is possible to enhance one of the two fundamentally different
interactions appearing in the system Hamiltonian (17). This first step requires to send a blue detuned pump pulse β with a
frequency ωb = ωc +ωm to the bottom input port of Bob’s interferometer, that enhances a two-mode squeezing interaction, thus
reducing the system Hamiltonian, in a frame rotating with ωm, to
HˆbI = g0β
(
aˆ†mˆ†2 + aˆ mˆ2
)
, (18)
where mˆ2 represents Bob’s mechanical resonator, the one towards which the initial state of a distant mechanical resonator mˆ1
will be teleported.
With the standard Input-Output theory [1–3], we take into account for both the optical and the mechanical dissipations, and
derive the following Langevin equations
˙ˆa(t) = −κaˆ(t)− ig0β mˆ†2(t)−
√
2κ aˆin(t), (19)
˙ˆm2(t) = −γmˆ2(t)− ig0β aˆ†(t)−
√
2γ mˆin(t). (20)
The regime g0β  κ allows us to adiabatically eliminate the optical mode aˆ,
aˆ(t) ≈ −ig0β
κ
mˆ†2(t)−
√
2
κ
aˆin(t), (21)
and to obtain expressions for aˆout(t), the quantum optical output of the EPR generation toolbox, and mˆ2(t), the time evolved
annihilation operator of Bob’s mechanical resonator
aˆout(t) = −aˆin(t)− i
√
2Ge(G−γ)tmˆ†2(0)−
√
2Ge(G−γ)t
∫ t
0
dt′e−(G−γ)t
′(√
2G aˆ†in(t
′)− i
√
2 γ mˆin(t
′)
)
, (22)
mˆ2(t) = e
(G−γ)tmˆ2(0) + e(G−γ)t
∫ t
0
dt′e−(G−γ)t
′(
i
√
2G aˆ†in(t
′)−
√
2 γ mˆin(t
′)
)
, (23)
with aˆout(t) = aˆin(t) +
√
2κaˆ(t) and G = (g0β)2/κ.
We will now make two important approximations in Eq. (22) and (23). We use the fact that in our model γ  G, and first,
take G− γ ≈ G, and second, neglect the effect of the mechanical bath on the optical mode, which gives us
aˆout(t) ≈ −aˆin(t)− i
√
2GeGtmˆ†2(0)− 2GeGt
∫ t
0
dt′e−Gt
′
aˆ†in(t
′), (24)
mˆ2(t) ≈ eGtmˆ2(0) + i
√
2GeGt
∫ t
0
dt′e−Gt
′
aˆ†in(t
′)−
√
2 γ eGt
∫ t
0
dt′e−Gt
′
mˆin(t
′). (25)
We now use the following definitions for normalized temporal field modes
P(τ, Oˆ) =
√
2G
1− e−2Gτ
∫ τ
0
dte−GtOˆ(t), (26)
Q(τ, Oˆ) =
√
2G
e2Gτ − 1
∫ τ
0
dteGtOˆ(t), (27)
8to rewrite Eq. (24) and (25) into the convenient forms
Aˆbout = −eGτ Aˆbin − i
√
e2Gτ − 1
(
Mˆin
)†
, (28)
Mˆout = e
GτMˆin + i
√
e2Gτ − 1
(
Aˆbin
)†
− CbMˆ bB , (29)
where Aˆbin = P(τ, aˆin), Aˆ
b
out = Q(τ, aˆout), Mˆin = mˆ2(0), Mˆout = mˆ2(τ), Mˆ
b
B = P(τ, mˆin) and C
b =
√
(e2Gτ − 1)γ/G.
Using the Eq. (28) and (29), the quadratures of these modes are
Xˆout = −erXˆin −
√
e2r − 1 Pˆ2(0), (30)
Pˆout = −erPˆin −
√
e2r − 1 Xˆ2(0), (31)
Xˆ2 = e
rXˆ2(0) +
√
e2r − 1 Pˆin − CbXbB , (32)
Pˆ2 = e
rPˆ2(0) +
√
e2r − 1 Xˆin − CbP bB , (33)
where r = Gτ , Xin =
[
(Aˆbin)
† + Aˆbin
]
/
√
2 and Pin = i
[
(Aˆbin)
† − Aˆbin
]
/
√
2 are the quadrature of the optical input of Bob’s
device, and where X2(0) =
[
mˆ†2(0) + mˆ2(0)
]
/
√
2, X2 =
[
mˆ†2(τ) + mˆ2(τ)
]
/
√
2, P2(0) = i
[
mˆ†2(0)− mˆ2(0)
]
/
√
2, and
P2 = i
[
mˆ†2(τ)− mˆ2(τ)
]
/
√
2.
Eq. (30)-(33) are similar to those of a standard optical two-mode squeezed state with a squeezing parameter r [4], except
for the terms containing XbB , P
b
B , i.e., the thermal noise of Bob’s mechanical resonator. Their influence prohibit the standard
property of a infinitly squeezed state in the case r → ∞, since its increase conjointly grows Cb, which eventually kills the
entanglement (see Fig. 2(a) in the main text). It is thus important to find the optimal point ropt, for which the amount of
entanglement is sufficient to carry out the teleportation protocol without a significant thermal disturbance.
By taking a thermal state for Bob’s mechanical oscillator, 〈Xˆ2(0)〉 = 〈Pˆ2(0)〉 = (nT + 1/2), with nT being the thermal
occupation number, and vacuum for Bob’s optical quantum input, 〈Xˆin〉 = 〈Pˆin〉 = 1/2, the EPR entanglement criterion writes
∆EPR =
[
∆
(
Xˆin + Pˆ2
)]2
+
[
∆
(
Pˆin + Xˆ2
)]2
= 2(nT + 1)
(
er −
√
e2r − 1
)2
+
γ
G
(
e2r − 1
)
(2nT + 1), (34)
where we took the mechanical initial state and the mechanical bath to be at thermal equilibrium. In Fig. 2(a) of the main text,
the dashed curve is plotted using Eq. (34), while the full curve is plotted using Eq. (34) with γ = 0, namely, a model where one
neglects the mechanical bath contribution and thus retrieves a infinitly two-mode squeezed state for r →∞.
State-swap, or beam splitter-type interaction
After Bob sent the pulse entangled with his mechanical resonator, Alice must implement a beam splitter-type interaction
between this pulse and her mechanical resonator. This operation is carried out by pumping Alice’s optomechanical toolbox from
the bottom port with a red detuned drive pulse with a frequency ωb = ωc − ωm, considered here to have the same amplitude β,
that enhances a beam splitter type interaction, thus reducing the system Hamiltonian, in a frame rotating with ωm, to
HˆrI = g0β
(
aˆ′†mˆ1 + aˆ′ mˆ
†
1
)
, (35)
where mˆ1 describes Alice’s mechanical resonator, the state of which is to be teleported to Bob.
Using the same method as before, we derive the Langevin equations for Alice’s toolbox
˙ˆa′(t) = −κaˆ′(t)− ig0β mˆ1(t)−
√
2κ aˆ′in(t), (36)
˙ˆm1(t) = −γmˆ1(t)− ig0β aˆ′(t)−
√
2γ mˆ′in(t). (37)
We again adiabatically eliminate the optical mode and obtain the evolution for aˆ′out(t) and mˆ1(t)
aˆ′out(t) = −aˆ′in(t)− i
√
2Ge−(G+γ)tmˆ1(0) +
√
2Ge−(G+γ)t
∫ t
0
dt′e(G+γ)t
′(√
2G aˆ′in(t
′) + i
√
2 γ mˆ′in(t
′)
)
, (38)
mˆ1(t) = e
−(G+γ)tmˆ1(0) + e−(G+γ)t
∫ t
0
dt′e(G+γ)t
′(
i
√
2G aˆ′in(t
′)−
√
2 γ mˆ′in(t
′)
)
, (39)
9We use again the fact that γ  G, take G− γ ≈ G, and neglect the effect of the mechanical bath on the optical mode,
aˆ′out(t) ≈ −aˆ′in(t)− i
√
2Ge−Gtmˆ1(0) + 2Ge−Gt
∫ t
0
dt′eGt
′
aˆ′in(t
′), (40)
mˆ1(t) ≈ e−Gtmˆ1(0) + i
√
2Ge−Gt
∫ t
0
dt′eGt
′
aˆ′in(t
′)−
√
2 γ e−Gt
∫ t
0
dt′eGt
′
mˆ′in(t
′). (41)
We write Eq. (40) and (41) into the convenient forms
Aˆrout = −e−GtAˆrin − i
√
1− e−2Gt Mˆ ′in, (42)
Mˆ ′out = e
−GtMˆ ′in + i
√
1− e−2Gt Aˆrin − CrMˆrB , (43)
where Aˆrin = Q(τ, aˆ
′
in), Aˆ
r
out = P(τ, aˆ
′
out), Mˆ
′
in = mˆ1(0), Mˆ
′
out = mˆ1(τ), Mˆ
r
B = Q(τ, mˆin) and C
r =
√
(1− e−2Gτ )γ/G.
Note that here aˆ′in = aˆout, meaning that the quantum optical output of Bob’s toolbox is the quantum optical input of Alice’s
toolbox. Hence, we have Aˆrin = Aˆ
b
out, meaning that Bob’s output pulse shape perfectly matches Alice’s optical input shape.
Using the Eq. (42) and (43), the quadratures of these modes are
Xˆu = −e−r′Xˆout +
√
1− e−2r′ Pˆ1(0), (44)
Pˆu = −e−r′ Pˆout −
√
1− e−2r′ Xˆ1(0), (45)
Xˆv = −e−r′Xˆ1(0)−
√
1− e−2r′ Pˆout − CrXrB , (46)
Pˆv = −e−r′ Pˆ2(0) +
√
e−2r − 1 Xˆout − CrP rB , (47)
where r′ = Gτ ′, Xout =
[
(Aˆbout)
† + Aˆbout
]
/
√
2 and Pout = i
[
(Aˆbout)
† − Aˆbout
]
/
√
2, where Xu =
[
(Aˆrout)
† + Aˆrout
]
/
√
2
and Pu = i
[
(Aˆrout)
† − Aˆrout
]
/
√
2, and where X1(0) =
[
mˆ†1(0) + mˆ1(0)
]
/
√
2, Xv =
[
mˆ†1(τ
′) + mˆ1(τ ′)
]
/
√
2, P1(0) =
i
[
mˆ†1(0)− mˆ1(0)
]
/
√
2, and Pv = i
[
mˆ†1(τ
′)− mˆ1(τ ′)
]
/
√
2.
One can see that in Eq. (44)-(47), a judicious choice of τ ′ can lead to a 50-50 beam splitter-type interaction. Indeed, by
choosing τ ′ such that e−r
′
= 1/
√
2, Eq. (44)-(47) become
Xˆu =
Pˆ1(0)− Xˆout√
2
, (48)
Pˆu =
−Xˆ1(0)− Pˆout√
2
, (49)
Xˆv =
−Xˆ1(0)− Pˆout√
2
−
√
γ
2G
XrB , (50)
Pˆv =
−Pˆ2(0) + Xˆout√
2
−
√
γ
2G
P rB , (51)
We now use Eq. (32) and (50) to write Bob’s mechanical resonator Xˆ2 quadrature as
Xˆ2 =
(
Xˆ2 + Pˆout
)
+
√
2Xˆv + Xˆ1(0) +
√
γ
G
XrB ,
= Xˆ1(0) +
(
er −
√
e2r − 1
)
Xˆ2(0) +
(√
e2r − 1− er
)
Pˆin +
√
2Xˆv +
√
2 γ
G
XrB − CbXbB . (52)
By using Eq. (33) and (48) we can write Bob’s mechanical resonator Pˆ2 quadrature as
Pˆ2 =
(
Pˆ2 + Xˆout
)
+
√
2Xˆu − Pˆ1(0),
= −Pˆ1(0) +
(
er −
√
e2r − 1
)
Pˆ2(0) +
(√
e2r − 1− er
)
Xˆin +
√
2Xˆu − CbXbB . (53)
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Measurement and classical channel
The next step of the protocol is the measurement of both Xˆv and Xˆu by Alice, which become classical random variables
Xv and Xu after the measurement. Bob’s mechanical resonator state collapses into a state which differs from the intial Alice’s
mechanical resonator state by a phase-space rotation and a phase-space displacement, in a simplified case where one neglect the
mechanical bath effects and takes r →∞.
Through the classical channel, Bob receives Alice’s outcomes Xv and Xu and performs both the needed phase-space rotation
and displacement,
Xˆ2 −→ Xˆtel2 = Xˆ2 − η
√
2Xˆv, (54)
Pˆ2 −→ Pˆ tel2 = −Pˆ2 + η
√
2Xˆu, (55)
where the parameter η describes both the efficiency of the measurement and of the displacement. We can rewrite the teleported
state quadratures from Eq. (54) and (55) as
Xˆtel2 = ηXˆ1(0) +
(
er − η
√
e2r − 1
)
Xˆ2(0) +
(√
e2r − 1− ηer
)
Pˆin + η
√
2 γ
G
XrB − CbXbB , (56)
Pˆ tel2 = ηPˆ1(0)−
(
er − η
√
e2r − 1
)
Pˆ2(0)−
(√
e2r − 1− ηer
)
Xˆin + C
bXbB . (57)
One can see that without mechanical dissipation, i.e., γ = 0, and with the limits r → ∞ and η → 1, one obtains the perfect
teleportation with Xtel2 = X1(0) and P
tel
2 = P1(0).
In order to check how successful the protocol is, we use the teleportation fidelity F = 〈ψ1|ρˆtel2 |ψ1〉, where |ψ1〉 is the state to
teleport, i.e., the initial state of Alice’s double sided moving mirror, and where ρtel2 is the density matrix of the teleported state,
i.e., the final state of Bob’s double sided moving mirror. We consider the initial state of Alice’s mechanical resonator to be a
coherent state with a displacement α1 = (X1(0) + i P1(0)) /
√
2. In that case, F = piQtel(α1), where Qtel is the Q function of
the teleported state [4],
F = 1
2
√
σXσP
exp
[
− (1− η)2
(
X21 (0)
2σX
+
P 21 (0)
2σP
)]
. (58)
σX and σP are the variances of the Q function,
σP = σX + η
2 γ
G
(
nT +
1
2
)
=
1
4
(
1 + η2
)
+
1
4
(√
e2r − 1− ηer
)2
+
[
1
2
(
er − η
√
e2r − 1
)2
+
(Cb)2
2
+ η2
γ
G
](
nT +
1
2
)
, (59)
where we used the fact that initially, Bob’s double sided moving mirror, and the mechanical baths of both mechanical resonators
are all at thermal equilibrium.
Eq. (54) and (55) imply that the measurement of both the mechanical and the light quadratures Xˆv and Xˆu have been
performed with the same precision. Let us us briefly comment this statement. For these two measurements, Alice proceeds
as follows: the optical quadrature Xˆu is measured with a homodyne scheme applied to Alice’s output pulse, which concludes
this first measurement. Subsequently, an additional red detuned pulse β with a different duration τ is sent through the pumping
port of Alice’s toolbox, in order to transfer the mechanical quadrature Xˆv to a second output light pulse, which quadratures will
be measured again with a homodyne measurement. To clarify this point, let us write the expressions of Alice’s optical output
quadratures, after the second pulse of duration τ ′′
Xˆmeas = −e−r′′XˆOVN +
√
1− e−2r′′ Pˆv, (60)
Pˆmeas = −e−r′′ PˆOVN −
√
1− e−2r′′ Xˆv, (61)
where Xˆmeas and Pˆmeas are the quadratures of the second quantum optical output, and where XˆOVN and PˆOVN are the
quadratures of the quantum optical vacuum noise (OVN) involved as an input in the interaction process cause by the second red
detuned pulse.
By choosing τ ′′ such that e−r
′′ → 0, Eq. (60) and (61) become
Xˆmeas = Pˆv, (62)
Pˆmeas = −Xˆv, (63)
thus showing that both Xˆv and Xˆu can be measured with the same precision.
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TUNABLE QUANTUM STATE TRANSFER BETWEEN TWO DISTANT MECHANICAL RESONATORS
The principle of the tunable quantum state transfer protocol is to transfer the state mˆ1 of a mechanical resonator inside the
same interferometric toolbox as used before, to mˆ2, the state of a second mechanical resonator inside a second interferometer,
spatially distant from the first one. Essentially, the final goal of the protocol is very similar to the one of the teleportation
protocol discussed above, yet using different means. Here, no shared entanglement is required, nor the collapse of a state due
to measurements, as means to bring mˆ2 into the target state for the teleportation. Additionally, no classical communication is
needed, however a quantum channel is essential for the protocol detailed here.
In fact, the procedure itself of the tunable quantum state transfer is similar to the teleportation protocol, taking place as follows:
the first toolbox, containing the state to transfer, is pumped by a classical driving pulse at the bottom vertical port. This yields
in the generation of a quantum output pulse coming out of the horizontal port and flying towards the second toolbox. While
this flying pulse enters the second toolbox by its horizontal port, the latter is pumped by a classical driving pulse at its bottom
vertical port. The interaction taking place in the second toolbox leads to the tunable transfer of the first mechanical state towards
the second mechanical resonator.
There are two major differences in these two steps, with respect to the teleportation protocol. The first difference is that
both toolboxes are pumped with a red detuned classical driving pulses. The second major difference is that the use of the same
temporal pulse shapes as before does not lead to a significant transfer efficiency. Indeed, in the teleportation protocol the fact
that Bob’s toolbox was pumped by a blue detuned drive made its quantum output pulse shape perfect to be absorbed by Alice’s
toolbox, which was pumped at the same time by a red detuned drive. The fact that here both toolboxes are pumped by red
detuned drives makes the quantum output pulse of the first toolbox very difficult to absorb by the second toolbox.
To overcome this complication one needs to optimise the temporal shapes of both red detuned pumps. We shall now call the
toolboxes as the sender and the receiver, which pump pulses, both of duration τ , have the following amplitudes βS(t) = βS(t)
and βR(t) = βR(t), where
S(t) =
√
1− e−µSGt, (64)
R(t) = e−µRGt (65)
are functions specifying the pulse shapes (see inset in Fig. 3(a) in the main text), and where G = (g0β)2/κ. µS and µR are
parameters that optimise the transfer efficiency. For g0β = 0.05κ, we have µS = 0.05 and µR = 0.22.
Both pumps enhance a state-swap process, described by the Hamiltonian (35), which gives the following Langevin equations
for the sender, similar to Eq. (36) and (37),
˙ˆa(t) = −κaˆ(t)− ig0βS(t) mˆ1(t)−
√
2κ aˆin(t), (66)
˙ˆm1(t) = −γmˆ1(t)− ig0βS(t) aˆ(t)−
√
2γ mˆin(t). (67)
As in the previous section, we adiabatically eliminate the optical mode and obtain the evolution for aˆout(t) and mˆ1(t)
aˆout(t) = −aˆin(t)− i
√
2GS(t)e−γt−G
∫ t
0
dt′S2(t′)mˆ1(0) +
+
√
2GS(t)e−γt−G
∫ t
0
dt′S2(t′)
∫ t
0
dt′eγt
′+G
∫ t′
0
dt′′S2(t′′)
(√
2GS(t′) aˆin(t′) + i
√
2 γ mˆin(t
′)
)
, (68)
mˆ1(t) = e
−γt−G ∫ t
0
dt′S2(t′)mˆ1(0) +
+ e−γt−G
∫ t
0
dt′S2(t′)
∫ t
0
dt′eγt
′+G
∫ t′
0
dt′′S2(t′′)
(
i
√
2GS(t′) aˆin(t′)−
√
2 γ mˆin(t
′)
)
. (69)
We now need the Langevin equations for the process occurring for the receiver, not very different from Eq. (66) and (67),
˙ˆa′(t) = −κaˆ′(t)− ig0βR(t) mˆ2(t)−
√
2κ aˆ′in(t), (70)
˙ˆm2(t) = −γmˆ2(t)− ig0βR(t) aˆ′(t)−
√
2γ mˆ′in(t). (71)
Accordingly, the expressions for aˆ′out(t) and mˆ2(t) are similar to the Eq. (68) and (69),
aˆ′out(t) = −aˆ′in(t)− i
√
2GR(t)e−γt−G
∫ t
0
dt′R2(t′)mˆ2(0) +
+
√
2GR(t)e−γt−G
∫ t
0
dt′R2(t′)
∫ t
0
dt′eγt
′+G
∫ t′
0
dt′′R2(t′′)
(√
2GR(t′) aˆ′in(t
′) + i
√
2 γ mˆ′in(t
′)
)
, (72)
mˆ2(t) = e
−γt−G ∫ t
0
dt′R2(t′)mˆ2(0) +
+ e−γt−G
∫ t
0
dt′R2(t′)
∫ t
0
dt′eγt
′+G
∫ t′
0
dt′′R2(t′′)
(
i
√
2GR(t′) aˆ′in(t
′)−
√
2 γ mˆ′in(t
′)
)
, (73)
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where the quantum input pulse of the sender is the quantum output pulse of the receiver, i.e., aˆ′in(t) = aˆout(t). Using Eq. (73)
and (68) we obtain
mˆ2(t) = e
−γt−G ∫ t
0
dt′R2(t′)mˆ2(0) + 2Ge
−γt−G ∫ t
0
dt′R2(t′)
∫ t
0
dt′R(t′)S(t′)eG
∫ t′
0
dt′′(R2(t′′)−S2(t′′))mˆ1(0) +
+ N
(
aˆin, mˆ
′
in, mˆin, t
)
, (74)
Where N
(
aˆin, mˆ
′
in, mˆin, t
)
encodes the dependence on the vacuum noise of the quantum optical input of the sender, and the
thermal noises of both the sender and the receiver.
We can rewrite the final states of Eq. (68), (69), and (74), i.e., after the end of the interaction time τ , into the useful forms
aˆout(τ) = WTA mˆ1(0) + . . . , (75)
mˆ1(τ) =
√
1−W 2D mˆ1(0) + . . . , (76)
mˆ2(τ) = WTM mˆ1(0) + . . . , (77)
where we omitted for clarity all the other contributions different than those of the initial state intended for the transfer, mˆ1(0).
The three quantities defined in Eq. (75), (76), and (77) give us the following information: WTA shows if it is possible to obtain
information on mˆ1(0) simply by measuring the pulse travelling between the sender and the receiver ; WD shows how the state
mˆ1(τ) of the sender is destroyed by the transfer of its initial state mˆ1(0) to the receiver’s state mˆ2(τ) ; WTM shows how
significant is the transfer of mˆ1(0) to mˆ2(τ), thus defining a benchmark for the protocol. We show the square of these quantities
in Fig. 4 in the main text since it demonstrates the efficiency of the transfer for the second order moments of the initial state.
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